IntroductIon
In oil reservoirs currently in production, reservoir pore pressure can typically vary by several megapascals (MPa), and often by much more in the neighbourhood of the producing or injecting wells. It is not generally in the best interests of operators to allow this to happen; however, if reservoir connectivity is poor or not fully understood, injectors or active aquifers cannot adequately support the pressure drops that may occur in certain areas of the field. If pore pressure falls below the bubble point of the oil in an initially undersaturated reservoir, then gas exsolution occurs (Dake 2002) and gas migrates upwards to the top of the reservoir to form secondary gas caps or is produced. If the reservoir is initially saturated (initial pressure ≤ bubble point pressure), then gas exsolution occurs immediately and may supplement pre-existing primary gas caps. This exsolution phenomenon can occur for most hydrocarbon oils but is significant for medium-light oils (medium oils are defined as having an API of between 22 and 31, light oils as between 31 and 42). For certain specific reservoirs, the drive from the gas cap that forms from this process can assist production. Generally, gas arrives at production wells faster than oil owing to the higher gas mobility, and subsequently forms a cone-shaped accumulation around the well. Eventually, the relative permeability of the oil through the three-phase fluid mix decreases as the gas saturation increases, and this in turn lowers the oil production rate. Indeed, for oil reservoirs in which gas cap drive is not significant, gas exsolution is economically undesirable and can also lead to the practical issues of handling gas during production. Pressure drop and gas liberation are typically controlled by the injection plan, and the normal way of stopping gas from breaking out is by increasing pore pressure by injecting water. In this process, in agreement with the physics observed in the laboratory (e.g. Danesh 1998 ), liberated gas is encouraged to go back into solution, in principle reversing the exsolution behaviour at the expense of additional water saturation. To demonstrate what can be observed for this sequence of events in four-dimensional (4D) seismic data, Figure 1 shows root mean square (RMS) amplitude maps for a baseline and two subsequent monitor surveys in the Foinaven field (Marsh et al. 2001; Bagley et al. 2004 ). This reveals a brightening due to gas exsolution at the time of the first the interpretation of amplitude changes in 4d seismic data arising from gas exsolution and dissolution reza Falahat 1,2 , dennis obidegwu 1 , Asghar Shams 1 and colin MacBeth 1* ABStrAct: This study examines the four-dimensional (4D) seismic signatures from multiple seismic surveys shot during gas exsolution and dissolution in a producing hydrocarbon reservoir, and focuses in particular on what reservoir information may be extracted from their analysis. To aid in this process, hydrocarbon gas properties and behaviour are studied, and their relationship to the fluid-flow physics is understood using numerical simulation. This knowledge is then applied to interpret the seismic response of a turbidite field in the UK Continental Shelf (UKCS). It is concluded that for a repeat seismic survey shot 6 months or more after a pressure change above or below bubble point (as in our field case), the gas-saturation distribution during either exsolution or dissolution exists in two fixed saturation conditions defined by the critical and the maximum possible gas saturation. Awareness of this condition facilitates an interpretation of the data from our field example, which has surveys repeated at intervals of 12-24 months, to obtain an estimate of the critical gas saturation of between 0.6 and 4.0%. These low values are consistent with a range of measurements from laboratory and numerical studies in the open literature. Our critical gas-saturation estimate is also in qualitative agreement with the solution gas-oil ratios estimated in a material balance exercise using our data. It is not found possible to quantify the maximum gas saturation using the 4D seismic data alone, despite the advantage of having multiple surveys, owing to the insensitivity of the seismic amplitudes to the magnitude of this gas saturation. Assessment of the residual gas saturation left behind after secondary gas-cap contraction during the dissolution phase suggests that small values of less than a few per cent may be appropriate. The results are masked to some extent by an underlying water flood. It is believed that the methodology and approach used in this study may be readily generalized to other moderate-to highpermeability oil reservoirs, and used as input in simulation model updating.
monitor survey after 1 year of production, followed by a dimming due to dissolution and water-flooding at the time of the second monitor survey after another year of water injection and production. In this particular UKCS reservoir, knowledge of the gas distribution using 4D seismic data and knowledge of its causative mechanisms contributed significantly to the understanding of reservoir connectivity, and, hence, field management. There are several publications in which the 4D seismic response of liberated gas has been noted, both for clastic (e.g. Johnston et al. 2000, and Alsos et al. 2009 ) and for carbonate (e.g. van Gestel et al. 2011) fields, although typically these observations form part of a broader case study and do not focus specifically on the gas-exsolution mechanisms. Reports of gas dissolution, however, are less frequent and limited to a few select publications (Marsh et al. 2001 (Marsh et al. , 2003 Gainski et al. 2010) . Recently, 4D seismic detection of gas exsolution has also been demonstrated as a tool for indirectly assessing pressure connectivity (Mitchell et al. 2009 , Johnston 2013 , and injected gas has been utilized to illuminate complicated top reservoir structure (Roy et al. 2011) .
The seismic response to liberated or dissolved gas is expected to be substantial, as it is well recognized that laboratory experiments indicate that the presence of gas should lead to a strong, non-linear reduction in seismic velocity (Domenico 1974 ) and impedance. Thus, for example, in reservoirs characterized by a high to low impedance contrast between the overburden and the top of the reservoir unit, very visible bright amplitudes on the 3D seismic profiles are associated with the presence of gas, typifying the classic Gulf of Mexico bright spots widely observed in seismic exploration (e.g. Johnston 2010). Thus, it is also our expectation that the 4D seismic response should have a strong sensitivity to gas, generally outweighing the contributions from rock-stress sensitivity and water saturation. As a consequence, it is possible to focus almost entirely on the response due to gas out of solution and, perhaps, dissolution. The ability to use 4D seismic data to directly access gas distributions in this way is an important observation, as it is known from fluid-flow simulation studies that gas exsolution and dissolution are controlled by many reservoir-dependent rock and fluid properties -the numerical values of which remain largely uncertain and require constraint. These factors relate mainly to the vertical and horizontal reservoir connectivity, and also, at the pore scale, to the relative permeability behaviour. Thus, the exact volume of gas liberated during exsolution, dissolved during dissolution, and the behaviour of the gas migration in the reservoir is typically uncertain (Danesh 1998) . To address this, the current study assesses whether monitoring of gas-saturation distributions with 4D seismic data could supplement well data when evaluating fluid behaviour in simulation studies and understanding the key reservoir controls. Specifically, the quantitative link between 4D seismic amplitudes, and the gas exsolution and dissolution is investigated. This requires knowledge of how gas is distributed and saturates the rocks within the reservoir, and the impact of varying gas saturation on the seismic amplitudes. The context for our study is set by a UKCS dataset, in which six monitor surveys have been shot at intervals of 12-24 months.
the reServoIr MechAnISMS
Here, the physics of gas exsolution and dissolution in the reservoir is discussed in more depth, and the uncertainties in these processes are highlighted. As we shall see, these in turn lay down the challenges for 4D seismic data analysis.
Gas exsolution
This mechanism can be explained using a fluid-phase diagram such as that in Figure 2 , calculated from state equations and the composition of the reservoir fluid determined from the laboratory. This phase envelope describes the various expected hydrocarbon fluid states at each pressure and temperature, and represents a composite physical behaviour of the many hydrocarbon constituents that make up the oil in the reservoir. At pressures above the bubble point, the hydrocarbon is a liquid, whilst, below the dew point pressure, it is a gas. Gas and liquid co-exist in the region between these two points but the exact proportion of the liquid to gas varies with pressure and Fig. 1 . A 4D seismic data example of gas exsolution and dissolution from the Foinaven field, UKCS. Amplitude maps are generated for the 1993 baseline survey prior to production (a), then again in 1999 following gas exsolution after one year of production (b), and finally in 2000 after dissolution due to repressurization from water injectors, gas migration and production (c). The mapped anomalies visibly expand due to the liberated gas, then contract upon pressure increase. After Marsh et al. 2001. temperature. Decreasing pressure from an initial condition just above the bubble point at a fixed temperature moves the fluid conditions along a vertical line A-B drawn in Figure 2 . As the bubble point is reached, the lightest hydrocarbon molecules (usually methane -C1) leave the liquid oil to form gas bubbles and then, as the total fluid expands more, the liquid is vaporized. As pressure decreases below bubble point, the gas saturation builds progressively as gas bubbles are first nucleated, and then coalesce or grow more by the diffusion of additional free gas. Heavier gas components are also released at this stage. When a significant number of bubbles are liberated, and have grown in size, the fluid system reaches a critical gas saturation (S gc ) for which the gas becomes mobile. The value of S gc is usually defined as the point at which the gas first becomes mobile. However, importantly, gas bubbles in the oil that are saturated below this critical saturation still remain in the oil. The mobilized gas migrates upwards and also towards the wellbore due to the actions of the gravitational force and well pressure gradients, collecting in local highs or structural traps to form gas caps in the reservoir or being produced (Fig. 3) . Depending on the reservoir connectivity and injection-production scenario, this overall process can occur quickly in a few months or less (this is observed in simulation model studies of North Sea clastic reservoirs: e.g. Falahat 2012 ). In practice, trapped gas can still remain in the reservoir oil due to geological heterogeneity such as low net to gross or small-scale structure -this particular gas saturation is highly reservoir dependent and is not considered in our current study. The exact volume of gas liberated into the reservoir formation is a function of the initial oil in place, oil type, rock properties and the overall pressure drop. The gas saturation in the secondary gas cap is S S S gmax wc org = 1 − − , where S wc is the initial (connate) water saturation and S org is the residual oil left behind after displacement by the expanding gas cap (the controls on these values are described later). The various pore-scale saturation regimes generated by the process of gas exsolution described above are illustrated in Figure 4 .
Gas dissolution
From Figure 2 , the effect of a pore-pressure increase may be construed as a reversal of the gas-exsolution mechanism along the vertical trajectory and, in the ideal case (a closed container), gas does indeed dissolve back into solution. However, once the pore pressure has built up over the entire volume in the reservoir (pressure spreads quickly to equilibrate in hours/days), the gas at and above (several cells or a few metres) the gas-oil contact tends to dissolve rapidly. Our simulation studies indicate that gas remaining in the oil leg at the critical gas saturation dissolves in only a few days in response to the pressure increase. In addition, the injected water physically displaces gas from around the injection well (gravity effect permitting); however, as gas close to the injection well dissolves in the oil before the arrival of the water (due to the pressure effect), there is generally no residual gas in the area flooded by water. During this period, the gas-oil and oil-water contacts may also move upwards due to gas production or water injection, respectively. As the volume of oil remaining in the gas cap (S org ) and the residual in local traps (S otrap ) is insufficient to dissolve all of the gas present, this volume remains largely in place. However, a proportion of the gas migrates from its original position owing to the new pressure gradients established by the injection. Thus, it is expected that a volume of free gas still remains present in the reservoir despite the pore pressure arriving back at the initial bubble point pressure. The exact quantity of gas dissolving back into the oil depends on many factors, including the reservoir properties, gas mobility, fluid type, well-pressure behaviour, and the pressure-volume-temperature (PVT) properties (i.e. the exact shape of the phase envelope in Fig. 2 ). For example, for light oils, a higher volume of the gas is liberated by pressure drop, but a smaller volume of the gas can be dissolved by pressure build-up (MacCain 1990) . Conversely, for heavier oils, a smaller volume of gas is liberated by pressure drop, and a higher volume of this gas is dissolved by pressure build-up. Given the uncertainty on the factors controlling the amount of gas that suc- Fig. 2 Pressure-temperature phase envelope similar to that for our case study based on measured oil compositional data (BP pers. comm.). The initial reservoir pressure is 2900 psi (19.99 MPa) and the temperature is 120 o F (48.89 o C), and so the oil is already very close to bubble point. Fig. 3 . Schematic illustrating the three main stages of gas exsolution and dissolution (repressurization) that are being examined in this paper, and their consequent effect on the reservoir saturation conditions. (a) Initial preproduction state: live oil and no free gas; (b) after gas exsolution and mobilization of the free gas (note the trapped gas under low NTG pockets or structure); (c) oil production, repressurization by water injection and gas-cap shrinkage due to production. In this latter case, it is highly likely that the residual gas may be reduced to zero by the repressurization.
cessfully dissolves back into the oil, this remains an important unknown to be determined in reservoir studies.
calibration of saturation distributions using numerical simulation
To understand how the various gas saturations detailed in the previous subsection might distribute in the reservoir and the particular timescales involved, fluid-flow simulations are performed for a homogenous and heterogeneous reservoir model, with rock and fluid properties and relative permeability curves based on a full-field simulation model from a producing UKCS turbidite reservoir. Both models are built with a cell size of 20×20× 0.2 m -a finer horizontal and vertical dimension than is normal for simulation model studies by a factor of 4 horizontally and 10 vertically. This particular cell size is selected to compute a physically realistic gas distribution within a reasonable computational run time. The properties of the two models used are given in Table 1 . The homogeneous model has a critical gas saturation of 3.5%, maximum gas saturation of 67%, and residual oil saturation to gas displacement of 11%. The heterogeneous model is built to provide similar characteristics to the field data we will analyse in the next section. Thus, net-to-gross (NTG), permeability and porosity distributions are assigned to geostatistically resemble the field model values. For simulation purposes, a single well produces for 2 years before being shut down. A second well injects water for a further 2 years beyond the time at which the producer shuts down. During the production period, pore pressure drops to around 1000 psi (6.89 MPa), whilst, during the injection stage, pressure builds back up to the initial value of 2900 psi (19.99 MPa). Figure 5 (a) and (b) shows the histograms recording the evolution of the gas saturations in the reservoir with time. These document a 2 year period of production followed by a pressure increase via water injection recovery, and hence evolution through the exsolution and dissolution stages. It is observed from these simulation studies that the gas saturation appears to settle down into a bimodal distribution after significant gas mobilization has occurred, with only a smaller amount of gas in the range of intermediate values. It should be noted that the tendency towards this bimodal condition can be seen even at an early stage of the flow simulation. The conclusion is that for gas exsolution, the gas saturation in the reservoir is fixed mainly at the critical gas saturation (S gc ) everywhere within the oil leg or lies at a maximum (S gmax ) within the gas cap. Indeed, the two peaks do correspond quite closely to the critical gas saturation and the maximum gas saturation. This is consistent with our understanding that, owing to the large density difference between water and hydrocarbon gas, capillary pressure curves for our reservoir show a sharp behaviour in the transition zone (Morrow & Melrose 1991) . Therefore the transition zone is abrupt and the vertical thickness over which gas-saturation variation occurs is typically less than a few metres, and may be neglected in our seismic analysis. During exsolution, the peak at the critical gas saturation is particularly strong, whilst, during dissolution, the maximum gas saturation becomes quickly dominant. Interestingly, as the rapid mobilization phase subsides (6 months for these models), the saturation peaks become more prominent, narrower and there are very few cells with an intermediate state of saturation. Simulations are also performed for a heterogeneous model with the same structure but variable porosity, permeability and netto-gross (NTG) (see Table 1 ). The widths of the saturation peaks appear quite narrow (only a few per cent), even in the case of model heterogeneity (see Fig. 6a-d ). Intermediate saturations are confined to lie within the thin (less than two cells thick) transition zone layer in the model, formed owing to capillary effects between the gas cap and the oil leg. There may also be small values of gas saturation corresponding to residual gas saturation from oil replacing gas. This behaviour is an important feature of reservoirs that have moderate-high vertical permeability. Figure 3 . S gr refers to the residual gas saturation after gas-cap contraction and S gc to the critical gas saturation. Maximum gas saturation in gas cap (S gmax =1-S wc -S org ) 67 67
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Fig. 5.
(a) Gas-saturation histograms for the homogeneous simulation model detailed in Table 1 for the period of gas exsolution. (b) Gas-saturation histograms for the same model but over the period of subsequent dissolution. The vertical axis is the percentage of gas-filled cells with a particular saturation range. For (a), the high-magnitude (over 90%) critical gas-saturation peak is truncated in the plots so that the lower-magnitude maximum gassaturation peak can be seen. The simulation model has a critical gas saturation of 3.5% and a maximum gas saturation of 67%, and a bimodal structure (two major modes or accumulations) can be clearly observed. Fine-scale variations inside the individual modes are not considered in our analysis.
4d SeISMIc AnAlySeS
Background to the field of study
The analysis of the previous section is now applied to observed data from a UKCS turbidite field (Martin & MacDonald 2010) . In this field, the reservoir fluid is a black oil with an API gravity ranging from 22 o to 28 o (there is a variation with depth in the reservoir) at a temperature of 120 o F (48.89 o C). Initial reservoir pressure is approximately 2900 psi (19.99 MPa), whilst bubble point is 2850 psi (16.65 MPa) at the top reservoir level, and the solution gas-oil ratio (GOR) is a low 354 scf/bbl (62.99 sm 3 m −3 ). In this particular field, there is known to be gas exsolution, gas mobilization, and then repressurization with subsequent dissolution. During the course of production, poor connectivity led to a lack of support from injectors. This combines with a weak aquifer influx to give a strong pressure decrease in some areas, and a drop below bubble point with the consequent liberation of free gas. The drilling plan adjusted for this phenomenon and recovered the pressure (Govan et al. 2005) . There are multiple vintages of seismic shot across this field for reservoir management purposes, and, for our current work, the preproduction baseline in 1996 and six monitors shot in 1999, 2000, 2002, 2004, 2006 and 2008 are selected. These data have been cross-equalized by the operator for 4D seismic interpretation purposes, and have a non-repeatability normalized root mean square (NRMS) noise metric (Kragh & Christie 2002 ) of approximately 31%. The data have been transformed into relative impedance traces by coloured inversion (Lancaster & Whitcombe 2000) . Importantly, the seismic data are repeated on a timescale shorter than most offshore 4D seismic projects, and therefore offer a good opportunity to analyse the rapidly occurring phenomena under consideration. An isolated sector is identified for study that is segmented by two major east-west-trending normal faults. Figure 7 shows a vertical section from the baseline seismic survey. The reservoirs consist of multiple-stacked, interconnected and amalgamated discrete sand bodies. The sediment system is thus expected to be highly compartmentalized, with both vertical and lateral connectivity being a major reservoir management issue. The T31 producing interval is mapped for the purposes of our study as it is the main reservoir in which gas exsolution occurs in this area. This particular reservoir interval has a variable character ranging from thin interbedded sands and shale to massive sands. The T31 is divided into two units, T31a and T31b, separated by thin shale. There are sheet-like units in this sector, typically 10-20 m thick, that can be mapped on the seismic profile over a large proportion of the area (Martin & MacDonald 2010) . As the seismic data have a wavelength of 140 m (20 Hz peak frequency for the seismic wavelet and a velocity of 2800 m s −1 ), the reservoirs in this sector are generally below tuning thickness.
description of gas exsolution and dissolution
For the purposes of our 4D seismic analysis, the 'sum of negatives' attribute is employed. This attribute sums all negative amplitudes over the T31 reservoir interval defined between the top T31a and base T31b. This is used as it has been demonstrated in past work to be sensitive to the reservoir conditions when the sands are known to be softer than the shales -giving a high to low seismic impedance contrast and a negative relative Gas-saturation histograms for gas exsolution obtained after the bimodal behaviour has been attained at 24 months, for: (a) the homogeneous model; and (b) heterogeneous model defined in Table 1 . In addition, gas-saturation histograms for gas dissolution, obtained after the critical gas saturation has dissipated, for: (c) the homogeneous model; and (d) heterogeneous model defined in Table 1 . The percentage of occurrence refers only to the gas-filled cells in the simulation model. For exsolution, the low gas-saturation peak (at over 90%) is truncated to enable the higher maximum gas-saturation peak to be seen clearly. For dissolution, the low gas-saturation peak is now smaller than the higher maximum gas-saturation peak. Model heterogeneity does not impact the observed saturation distribution significantly. The mean (M) and standard deviation (SD) of each histogram are indicated for reference. impedance (Jack et al. 2010) . Figure 8 shows the sequence of resultant attribute maps for each survey in our chosen segment. The maps have been cross-equalized such that difference in amplitudes across vintages can be interpreted for time-lapse effects. To achieve this, we take selected combinations of surveys initially cross-equalized by the contractor, and then further cross-equalize the mapped amplitudes between subsets by applying a single scalar evaluated from a region outside the reservoir. In these data, the existence of gas exsolution is inferred from the well production as a consequence of known pressure drops observed at the producers and excess gas production. (Note that gas is naturally liberated from live oil upon production at surface conditions. This observation refers to the gas produced over and above this process.) On each map, moderate-to high-amplitude anomalies indicate hydrocarbon-filled sand bodies with good-quality NTG. A progressive brightening of a sand body over time identifies a reservoir softening or impedance decrease (gas liberation or pore-pressure increase), whilst a dimming over time indicates a reservoir hardening or impedance increase (water saturation increase or pore-pressure decrease). By the time of the first monitor survey (1999), pressure is known to have dropped by 900 psi (6.21 MPa) in the vicinity of the production wells. Thus, gas is expected to be liberated during the first three monitor surveys in 1999, 2000 and 2002 . This is evident as a general brightening of the individual reservoir sands near to producers (brightening close to injectors associated with a pore-pressure increase is not considered in our study). After 2002, pressure increases again due to existing and new injectors, and hence dissolution occurs. On the seismic data, these effects are masked by an increase in water saturation at the base of the reservoir interval. This is again generally evident as a dimming of the mapped sand bodies due to a gas-saturation decrease and increased water saturation, and water production at the producer wells. For reference, Figure 8 also shows a map of the top structure and identifies NW-SE as the up-dip direction, where secondary gas caps may be located. Overall, the seismic observations appear to show broad consistency with the phenomena of dissolution and gas production as described in the previous section. Interestingly, however, owing to the sequencing of producers and injectors (Fig. 9) , different sand bodies deplete at different rates, and hence the brightening and dimming events in each are not quite synchronized in time. Here, it is recognized that the effects of gas in this interpretation may also, to some extent, be combined with rock-stress sensitivity and fluid-pressure effects, especially for the large pressure increases around the injectors. However, by confining our quantitative analysis below to brightening around the producers, we hope to limit this interference. . Amplitude maps (using the sum of negative amplitudes attribute) for seismic surveys at times 1996 (production was in 1998), 1999, 2000, 2002, 2004, 2006, and 2008 . Also shown is a contour map indicating the time structure of the top T31a reservoir horizon. The anomalies are related to gas or oil accumulations in the reservoir sand deposits.
Six main regions (A-F) are identified on the maps in Figure  9 , selected based on their general seismic character and known geology. In region A, an initial injector-producer (I2-P4) pair is later supplemented by injector I4 to maintain pressure. Later, injectors I9 and I10 are activated to counteract the pressure decline due to producer P8. Exsolved gas is observed initially in 1999, and it quickly collects in a local high in the SE corner to form a secondary gas cap. Increased water saturation and dissolution reduce the amplitudes after 2000, although some gas remains. Region B sits on a local high into which exsolved gas collects. With no direct injector support initially, dissolution does not occur until 2003 when the nearby injector I8 becomes active. Region C is bounded along its south edge by a sealing fault (see the contour plot in Fig. 8 ). Critical gas saturation is evident as a consequence of production in P1 and P6, and there is an upward migration of the gas influenced by possible pressure gradients from producer P1, which then traps at the fault due to buoyancy effects. Injector I5 is active after 2001 to supply pressure support. Region D is possibly connected with region C but it is not intersected by a producing well. Earlier amplitudes in this region are fairly constant -suggesting a lack of pressure connection. Water sweep from injector I3 and I5 may play a role in decreasing the amplitude after 2002. In region E, there is a strong initial brightening that continues until 2002 due to producer P5. In 2003, injector I7 is drilled towards the northern edge, which then dims the amplitudes in subsequent years. The final region for consideration is F, which dips upwards to the SE. The initial action of injector I1 dims the amplitudes in 1999 but pressure support is not sufficient and gas exsolution occurs in 2000 due to producer P2. After 2002, injector I6 replaces I1 close to the same location, and this provides the required pressure support. Figure 10(a) indicates a number of small subregions within A-F that are chosen for our analysis. These are selected to be of known high NTG and signal quality, and are used to determine seismic amplitude levels associated with an oil sand in preproduction state, oil sand with critical gas saturation and the secondary gas cap. The 'sum of negative amplitudes' attribute for each subregion and their combined (arithmetic) average are plotted in Figure 10 (b) against survey time. The amplitude level of the baseline (oil-filled sand) response and the maximum are determined for each. If the amplitude level after the maximum has been reached still remains above the initial baseline, then this is interpreted as a case where a secondary gas cap has developed. This interpretation is supported by the identification of local structural highs from inspection of the top structure map in Figure 8 . However, if the amplitude level after the maximum goes below the baseline level, this is interpreted as critical gas dissolution in addition to water-flood masking. Our interpretation, based on the known well activity and time-lapse seismic amplitudes, indicates that the maxima for regions A and B correspond to the maximum gas saturation, and these occur in 2002. The maxima for regions C, E and F are interpreted to correspond to the critical gas saturation, and these occur in 2000. Region D is not used in the analysis as the contributions from the injectors and producers plus neighbouring connected regions appear too complicated to fully resolve with our current understanding. The next stage is to relate these amplitude levels to the gas-saturation values. In this analysis we acknowledge that errors may still be present due to the 31% survey nonrepeatability.
Quantitative analysis for S gc and S gmax
It has been concluded from the simulation model study above that if the frequency of time-lapse seismic acquisition is several months or more, then gas saturation after exsolution consists of two narrow peaks. These peaks are associated with accumulations in the gas cap at maximum gas saturation (S gmax ) and those in the underlying oil leg where the gas is at critical gas saturation (S gc ). Some intermediate gas saturations do exist in practice, but these are distributed in the very thin transition zone (typically less than one cell thick) between these two regions. For repressurization and subsequent dissolution, only one saturation peak at S gmax need be considered as the small gas saturations at S gc readily dissolve back into oil by pressure increase. However, in the reservoir, dissolution is complicated by the increase in water saturation at the base of the reservoir, and hence cannot be easily used in the seismic interpretation. As the secondary gas caps in regions A and B on the seismic amplitudes visibly contract with survey time in response to gas production, residual gas saturation (S gro ) due to oil displacement is evaluated as very small. At such values of saturation, free gas is expected to dissolve in the oil upon pressure increase, rendering it undetectable on the seismic. The distinct gas-saturation behaviour upon exsolution also implies that the corresponding impedance change distribution for the reservoir must also be confined to only two characteristic peaks. It follows that the seismic response (for the monitor minus preproduction baseline) is controlled by two distinct time-lapse impedance changes, one due to the presence of maximum gas saturation in the gas cap (ΔZ gmax ) and the other due to critical gas saturation in the oil leg (ΔZ gc ). To determine how this affects the seismic interpretation, we must first develop an understanding of how these changes occur during the gas exsolution stage.
(P-wave) impedance changes are calculated for our UKCS field example using the rock and fluid properties published by Amini et al. (2011) for the same reservoir (Table 2 ). These are computed for the preproduction baseline and post-production monitor conditions using Gassmann's equation, and are then differenced. No rock-stress or fluid-pressure sensitivity is included in the calculation as this component is assumed to be smaller than the gas-saturation response away from major pressure increases at the injectors. Indeed, in the field under consideration in this work, there are pressure increases or decreases in the interwell reservoir area (beyond 100 m from the wells) of only 300 (2.07 MPa) to 900 psi (6.21 MPa), and these give rise to impedance changes of, at most, only a few per cent. The quantities ΔZ gc and ΔZ gmax are calculated for an oil-sand with critical gas saturation and the secondary gas cap, respectively, at a known connate water saturation of 22%, residual oil of 11% and NTG of unity. It is observed that S gmax values for the reservoir (in the range 50-70%) influence the impedance changes to a lesser extent than changes in the smaller S gc values (in the range 0-15%) -this can be readily explained by the well-known non-linear dependence on gas saturation. This feature can be recognized in the plots of the ratio ΔZ gc /ΔZ gmax for different constant maximum gas saturations in Figure 11 , where the variation with S gc is seen as the stronger dependence. Importantly, this figure gives us a way of connecting the seismic response to gas saturations. According to the work of Falahat et al. (2011) for sub-tuning reservoirs (see also Appendix B), the time-lapse seismic amplitudes, ΔA, are proportional to the thickness of the gas accumulation and the impedance change with gas saturation (in regions where no injected water is present). This can be expressed generally as: Fig. 11 . Estimate of amplitude change with critical gas saturation and no gas in the oil sands, normalized by the expected amplitude change when going from oil to maximum gas saturation in the gas cap. where T refers to elapsed time between the surveys, h is the gas accumulation thickness, ΔZ g is impedance change with gas saturation, and α is a constant given by the inverse of the product of reservoir velocity and the average impedance of the reservoir and the encasing shale, combined with an operator, L, representing convolution of the time derivative of the wavelet with a coloured inversion operator followed by a 'sum of negatives' over the reservoir interval (equation B10: note that the seismic wavelets of the baseline and the monitor surveys are assumed to be identical). Thus, by normalizing time-lapse amplitudes by the baseline amplitude (A bl ), it is possible to relate seismic measurements (ΔA gc ) of critical gas saturation at location A and of maximum gas saturation at location B (ΔA gmax ) back to the ratio plotted in Figure 11 :
Specifically, the ratio of seismic amplitudes:
is computed for each part of the reservoir with maximum gas saturation, and
for parts with critical gas saturation. Our calculation is shown in Table 3 , and indicates R 1 values for regions A and B of 0.75 and 0.92, respectively, whilst R 2 for regions C, E and F are 0.12, 0.30 and 0.12, respectively. The time-lapse seismic ratio R 2 /R 1 is now obtained. In order to evaluate possible errors in this calculation, a lower limit is formed by taking the lowest R 2 and the highest R 1 values, and then the highest R 2 and the lowest R 1 values. This yields a lower limit of 0.13 and upper limit of 0.40, with their mean being 0.21. These results are now interpolated back to the curves in Figure 11 , and give estimates of the possible critical gas saturations in the range of 0.55-4% for our reservoir. Uncertainties in these estimates may also arise due to lateral variations in NTG in the selected areas, imperfect cancellation of the reservoir thickness variations and water-saturation changes. Another source of uncertainty could possibly arise from the presence of a thin layer of maximum gas saturation in the critical gas-saturation areas, and vice versa (see equation B8), although the behaviour of each area over time in Figure 10 clearly defines the predominant effect. It is also important to note that Figure 11 is specific to our particular reservoir, and will also change depending on rock and fluid properties. In addition, it is known that for a low value of critical gas saturation (and, hence, mobilized gas saturation), it takes longer for the reservoir to assume the bimodal saturation conditions than higher critical gas saturation. The latter will lead to a more prominent seismic response to exsolution in the oil leg, and oil containing critical gas saturation is then likely to have a similar response to the gas cap with the maximum gas saturation. Also, for high S gc values, the dissolution process would be very pronounced as both the oil leg and gas cap brighten at first but only the bright amplitudes related to the oil would dim due to dissolution, whilst those associated with the unproduced gas caps remain. Indeed, it is the absence of this effect that can also be used to confirm the small critical gas saturation in our case study.
Quantitative analysis of gas volumes
To further investigate the sequence of gas exsolution and dissolution in our field sector, we analyse the seismic data by following the work of Falahat et al. (2011) , who proposed a linear relationship between the change in free gas volume (ΔV g ) and the 2D integral of the mapped time-lapse amplitude change (ΔA):
where β is a seismic-to-well production/injection calibration factor to be determined. For the purposes of our work, the timelapse quantities are taken between the baseline survey and each monitor. Thus, as there is no gas at the time of the baseline survey, ΔV g represents the volume at the time of the monitor. This equation assumes that changes in water saturation do not affect ΔA -clearly this may be a suitable approximation during the exsolution stage but may not be completely appropriate in some regions of the sector experiencing dissolution for which the injected water clearly has a strong influence. The integral is performed over the area Σ formed by a composite of areas C, D, E and F in Figure 9 , which is known to be hydraulically isolated. In the integration, only positive (bright and, hence, gas-related) time-lapse difference amplitudes are used and the summation extends spatially across regions known to contain oil with critical gas saturation. Although empirical in nature, equation (5) may be inferred from equations (1) and (2) by assuming a direct correlation between the impedance change and the product of gas accumulation thickness, effective porosity and gas-saturation change. Calculation indicates that this linearity is a good approximation for the small critical gas saturations in this current study. Finally, an additional assumption made is (as in the previous section) that the pressure change between the time-lapse surveys does not significantly affect the 4D seismic signature via the rock-stress or fluid-pressure sensitivity. This assumption was tested in an earlier simulator to seismic modelling study on the same dataset (Amini et al. 2011 ) and found to be valid. There is an exsolution stage from the start of production in 1998 until 2001, and a dissolution stage from 2001 to 2008. The behaviour thus forms a natural two-stage division for the analysis. Consider first the application of equation (5) to the period between the preproduction baseline and the 2000 monitor surveys during the primary exsolution stage. The left-handside of equation (5) can be expanded according to the well-known material balance equation (Dake 2002) focused only on the gas component:
where V o is the initial (time of baseline survey) oil volume available to be produced at the wells, V op is the actual oil volume produced (at the time of the monitor) and V gp is the gas volume produced (i.e. free gas plus that released from the oil produced at the surface). As there are no initial gas caps in our chosen study area for this calculation, V gp is also the change in the overall gas volume. For the purpose of our calculation, these gas volumes are defined at surface (stock tank oil) temperature and pressure. In equation (6), R sb and R sm are the preproduction (at the baseline time) and current (at the monitor time) solution gas-oil ratios, respectively. The solution gas-oil ratio quantifies the total amount of gas dissolved in the oil. It is defined as the ratio of the volume of gas produced at the surface under standard conditions divided by the volume of oil entering the stock tank at standard conditions, and has units of standard cubic feet per stock tank barrel (scf/stb or in SI units sm 3 m −3 ). For the purposes of our calculations these R s values represent a reservoir average for areas C, D, E and F. R s is a linear function of pressure for pressures below the bubble point (Fig. 12a) . Thus, V o R sb gives the total amount of gas dissolved in the oil at the preproduction stage, which could potentially be liberated upon production of the volume V o . Similarly, (V o -V op )R sm is the amount of gas in the oil remaining in the reservoir at the monitor time. R sm is always less than R sb as there is less gas dissolved in the reservoir oil at the monitor time because the free gas is either produced or remains trapped within the reservoir. Finally, by subtracting the actual gas produced, as measured by the well data, from the estimated dissolved gas contributions -assuming it is also not produced -the result must be the gas still remaining free (and structurally or capillary trapped) in the reservoir. The final parameter in this calculation is B gm , the gas formation volume factor, which converts all of the gas volumes calculated under stock tank barrel conditions to their equivalent reservoir volumes (this therefore has units of reservoir barrel per stock tank barrel). The 4D seismic signature in the integrand of equation (6) is the difference in the mapped sum of negative amplitudes evaluated between the monitor and baseline surveys. As mentioned previously, to isolate the gas-related response, only the positive difference between the maps in Figure 8 is extracted. In our work it was not found necessary to threshold the resultant difference amplitudes due to the obvious prominence of the gas response. For our field case, the pressure dependences of R s and B g are obtained directly from the PVT tables determined from the laboratory measurements that have been calibrated for the reservoir and used in the full-field flow simulator by the operator. Calculation from the simulator shows that R s is expected to reduce from a preproduction of 354 (62.99 sm 3 m −3 ) to 322 scf/ stb (57.30 sm 3 m −3 ) after the reservoir pressure drop from 2850 psi (19.65 MPa) in 1998 to 2760 psi (19.03 MPa) in 2008. Applying equation (6) to our observations, we identify two relatively known quantities: the initial oil volume (extracted from the simulation model); and R s =R sb prior to production and R s =R sm1 for the first monitor (taken from the PVT tables for the field oil and assuming a mean pressure for our sector). There are two relatively unknown quantities, the seismic calibration factor β, and R s at each of the subsequent monitor times. By applying equation (6) to the baseline 1996 seismic data together with the monitors at 1999 and 2000 (for which gas continues to come out of solution), we have two equations and can solve to obtain: β = 0.029 (with dimensions of m/amplitude unit) and R s for the first monitor. By applying a similar reasoning to the preproduction and subsequent monitor surveys 2002, 2004, 2006 and 2008 acquired during the gas-dissolution stage, equation (6) must be adapted slightly as R' sm now replaces R sm , where R' sm > R sm because the volume of gas available to go back into solution is smaller than the original as it has been produced or trapped in local highs, structure or by low NTG regions. Thus, after dissolution the oil is not now fully saturated by gas. The gas at critical gas saturation immediately goes back into the oil upon pressure increase but the gas-oil contact remains in a continual state of dissolution. In equation (6), only R' sm is now unknown, as β has been determined from the gas exsolution stage, and it can therefore be calculated for each of the four remaining monitor surveys. The seismic estimates of R s v. the predictions from the simulation model are shown in Figure 12 (b). For reference, results are also given for a 10% variation in the oil volume showing a high and low estimate of the R s values. Fluid-flow simulation predicts that R s in the reservoir decreases from an initial (and known) value of 352 (62.63 sm 3 m −3 ) to 315 scf/bbl (56.05 sm 3 m −3 ) in 2002 due to the pressure drop, before rising slightly to 322 scf/bbl (57.30 sm 3 m −3 ) in 2008. This equates to approximately 4.5% of free gas under reservoir conditions. The seismic R s estimates also show this dip followed by an increase Fig. 12. (a) Schematic illustration of the pressure dependence of the solution gas-oil ratio, R s , for a black oil such as that in this study. The ratio decreases as pressure drops below bubble point until the monitor state is reached at point B. Repressurization increases R s again but as less gas is available to dissolve in the gas, the R s behaviour reaches a plateau at a lower constant value and point C is reached. Simulation studies have shown that different volumes in the reservoir will experience different plateaus. (b) R s values predicted for our study area from fluid-flow simulation (black line and circles) v. the variation estimated from the 4D seismic data for low (red), medium (green) and high (blue) cases. but the R s values are slightly lower than those predicted from the simulator (a minimum of 268 scf/bbl (47.67 sm 3 m −3 )). The low values of R s above suggest that more free gas is being produced in the reservoir but a more likely cause is bias due to the masking effect of injected water in the lower part of the reservoir during the dissolution phase. Unfortunately, it is not possible to quantify this phenomenon or draw further conclusions using the 4D seismic data.
dIScuSSIon
Our work has shown that multiple 4D seismic surveys shot during gas exsolution and dissolution can be used to estimate critical gas saturation, and provide some understanding of the maximum gas saturation. The critical gas saturation for the UKCS field in our case study is estimated to be between 0.5 and 4.0%, which falls within the lower range values reported in the literature. A discussion of this finding and its implications for the reservoir is given in the next section. Determination of this particular result has been made possible as there is sufficient time between the seismic surveys to allow gas liberated from solution to settle into either critical or maximum gas-saturation states. This point is also further discussed below. We would anticipate that our framework for seismic interpretation can be generalized to other fields and production scenarios, provided that the transition zone between the oil and gas, or the water-and gas-saturated regions of the reservoir remains smaller than seismic resolution. Thus, our results would be applicable to most reservoirs except those with a very low porosity and permeability, or strong vertical or lateral heterogeneity. As a guide, for permeabilities of tens of mD (10 -14 m 2 ), the transition zone can extend over many tens of metres (Ahmed 2006) . In this case the transition zone would, therefore, be seismically significant and would support a wide range of saturation states. Our results may not be applicable to other gases. For example, we would expect CO 2 injection to have a more complicated saturation histogram as there is a larger transition zone, due to the smaller density differences, between the gas and water (Cairns et al. 2012) . For this latter case, there are generally many gas-saturation states influencing the 4D seismic response, and the fluid system takes longer to reach the bimodal quasi-equilibrium state.
values for the critical and maximum gas saturation
Knowledge of the reservoir-scale (or seismic-scale) S gc is important for a number of reasons. First, it helps to assess the effective relative permeability of gas, oil and water through the reservoir. Secondly, in solution gas drive reservoirs or during depressurization, it is key to predicting the expected gas volume produced from the gas-cap expansion, and hence the oil or gas recovery. Finally, in the early years of a field it can help anticipate risks to productivity from gas exsolution. In the reservoir, S gc is known to be a function of a number of interrelated factors such as the surface area of the pore space, clay content and placement, grain shape, grain arrangement, wettability, and fluid properties. However, it is understood from engineering literature that precise values of S gc are difficult to obtain using laboratory experiments. This uncertainty arises because of the high fluidflow rates that are induced during experiments (relative to those in the field), the dependence of S gc on the pressure decline rate and capillary end effects. This combination of effects makes extrapolation to in situ field conditions unreliable and, as a consequence, the accurate estimation of S gc remains an active research topic (Beecroft et al. 1999) . Recently, alternative measurements are offered from methods such as numerical simulations enabled by pore-network modelling, which attempt to emulate realistic gas nucleation and mobiliszation to obtain the required understanding (McDougall & Sorbie 1999; Bondino et al. 2002) . Another issue is that relative permeability end points measured in the laboratory do not represent properties at the scale of the reservoir production due to trapping in fine-scale heterogeneities such as cross-bedding and laminae (e.g. Honarpour et al. 1994) , thus the S gc at the reservoir scale is an effective value. Literature on the evaluation of pressure depletion due to depressurization (blow down) at the end of field life provides, perhaps, the best guide of the effective reservoir-scale S gc as they combine both laboratory and history-matched simulation studies. Examples for UKCS clastic fields include Miller (Beecroft et al. 1999: 9%) , South Brae (Drummond et al. 2001: 2.5% from laboratory), Brent (Ligthelm et al. 1997: 9 .6%) and Statfjord (Boge et al. 2005: 5%) . An extensive survey of the literature from laboratory, pore-scale modelling and simulation studies suggests measured values vary from as low as 0.5% to as high as 38% (Fig. 13) . Low values in the range of our findings have been measured in many cases and, thus, our findings are not atypical. Although there is no definite trend in the literature, low values are common in moderate porosity reservoirs with good permeability development. Heavier oils tend to have lower S gc values. Further validation is provided by communications with the operator of our field, which indicate a value of between 3.5 and 5% is appropriate in our case.
The maximum gas saturation, S gmax , in the gas cap is determined by the amount of residual oil, S org , due to the gravity drainage of the oil by the gas-cap expansion; that is: S S S gmax wc org = 1 − − . The amount of oil immiscibly displaced by the exsolved gas in the presence of the initial water (S wc ) by this process may be gauged to some degree by gas-injection experiments on cores (despite this being a distinctly different physical process). For example, Skauge & Ottesen (2002) found a mean S org of 16% for a range of fields, and possible variability with porosity, permeability and initial oil saturation. Similarly, Beecroft et al. (1999) found an S org of 20% for the Miller field. According to Edwards et al. (1998) , gravity drainage by gas-cap expansion is slow and efficient, and there is a remaining oil saturation of 3-10%, with gas-flood tests in the laboratory give higher values. This range was also confirmed in a combined field and laboratory experiment validated by reservoir simulation study. In our case study, taking an average S wc of 22%, a rough estimate of S gmax may realistically be greater than 58%. It is not possible to be more precise as our calculations show that the seismic response is relatively insensitive to this gas saturation.
timing of the seismic surveys
The time period between the seismic baseline and successive monitors has an impact on the application of our findings. Gas exsolution and dissolution in the reservoir are relatively immediate events, taking less than 1 day or so to complete, and are dependent only on the time for the pressure change profile to diffuse and equilibrate (Fig. 14) . However, depending on the connectivity of the reservoir, it can take several weeks or months for the free gas to be finally produced and observed at the wells. For example, for the reservoir models used in this paper it took less than 6 months for the saturation states to settle down to the idealized bimodal distribution under the action of buoyancy and well pressure gradients. The rate at which steady state is attained depends on the production and injection rate, although, after stabilization, the saturation states are independent of the production activities but the volume of gas present changes. Thus, for oil production at a more rapid rate than that predicted from the simulation model, gas may be quickly mobilized and produced but very few gas caps form, and therefore a much smaller amount of gas is dissolved back into the oil than anticipated. A faster production rate gives rise to a more rapid approach to steady state, although the exact timing depends on the reservoir connectivity and lateral extent. In contrast, there is more gas dissolved back into the oil by increasing the injection rate, although there is a limit to this process as the liberated gas cannot be dissolved if it has already been produced. Importantly, every time the well activity changes (as in our field example), the timescale to reach the bimodal state must again be revised in conjunction with the timing of the seismic surveys. For 4D seismic surveys with a repeat time of 1 to several years, the timescale of the physical processes discussed in this study may not be important but, for repeats with permanent sensor arrays that are 3-6 months apart (Huang et al. 2011; Watts & Marsh 2011) , this may well present a problem for quantitative 4D seismic analysis. A key parameter in the above is the ratio of vertical to horizontal permeability, K v /K h , which also determines the timescale to reach the bimodal gas-saturation condition. This ratio is difficult to define spatially, and can vary quite considerably in clastic reservoirs (Link 2001) . We have performed modelling studies that show that when K v /K h is 0.01, the exsolved gas takes longer to migrate upwards and steady state is not attained for 6 months (Falahat 2012) . As K v /K h increases to 1, the time to reach the steady state progressively reduces to less than 2 months, as in the model examples in this current publication. Consideration of these factors suggests that choice of the optimal survey frequency for 4D analysis must be examined on a case by case basis, and tailored to the particular reservoir conditions (MacBeth et al. 2013) .
concluSIonS
This study contributes to an understanding of the mechanisms of gas exsolution and dissolution, and an evaluation of the ability to estimate the associated controlling parameters using 4D seismic data from multiple seismic surveys. It is motivated by the clear brightening and dimming of seismic amplitudes observed in the 4D seismic data reported from several separate publications, and the requirement to provide a more quantitative interpretation of this phenomenon. Preliminary study using simulation modelling shows that exsolution and dissolution give rise to gas distributions that peak around the critical and maximum gas saturations. These fixed saturation states are expected after the period of rapid gas mobilization during exsolution 6-12 months after pressure drop in the reservoir. By using this result together with data from multiple seismic surveys shot between preproduction in 1998 until 2008, it is possible to estimate the gas saturation for our UKCS clastic reservoir. Critical gas saturation is estimated to be between 0.6 and 4.0%, consistent with previous measurements on similar fields. The magnitude of S gc is confirmed by a separate material balance exercise (Falahat et al. 2011 ) and values used in the simulation model by the operator of the field. The seismic amplitudes are expected to be relatively insensitive to the maximum gas saturation (1 wc org − − S S ) (approximately 68% in our case) as modelled through fluid substitution. Finally, the data suggest that the residual gas saturation upon gas-cap contraction (S gr ) is less than a few per cent. Unfortunately, estimation of the latter two values is not possible with any degree of certainty due to the masking influence of the injected water during the dissolution phase. It is believed that the results above represent the limit of what can be achieved with 4D seismic data from multiple surveys in isolation from other reservoir studies. In broad terms, our study demonstrates that monitoring of gas exsolution and dissolution is potentially useful for understanding the reservoir and constraining the simulation model, although case-dependent fluid and pressure changes can cause some interference with this finding.
AppendIx A: FluId property chAnGeS At, And neAr to, crItIcAl GAS SAturAtIon
Here we consider the seismic wave properties (density and bulk modulus) of live oil before, during and after gas exsolution. This is important, as it provides an understanding of exactly what fluid effects are visible in the seismic data and how we should treat them. As described in the main text, if fluid pressure is dropped in a porous rock saturated with live oil then small-scale bubbles are nucleated, which start to grow, coalesce and then collect as free gas until critical saturation is reached. Laboratory measurement concludes that the seismic wave properties are not significantly impacted by the pore-scale mechanisms at play during the time leading up to the development of free gas as a separate phase in the pore space: that is, the very tiny bubbles developing in the oil do not affect the seismic wave properties (Han & Batzle 2000a) . However, after the development of free gas (i.e. a mobilized gas phase) this is not the case. Indeed, free gas is known to have a substantial effect on the wave properties, particularly at appropriate reservoir depths (Han & Baztle 2000a) . However the impact of the gaseous phase may be counteracted by the oil now becoming less 'lively' due to the loss of the lighter gas components. To understand whether this contribution is significant, we calculate the density and bulk modulus for an oil with the same composition as in our case study (an API of 25 and an initial R s of 354 scf/bbl (62.99 sm 3 m −3 )), at the reservoir pressure and temperature. Density and bulk modulus of the hydrocarbon fluid are calculated at an initial pressure of 2850 psi (19.65 MPa) with no gas saturation, and then after at a pressure drop of 900 psi (6.21 MPa) with free gas. Based on the pressure dependence of R s for our reservoir oil, it is calculated that the pressure drop releases 1.2% of free gas, and the oil now has an API of 23.7 and an R s of 342 scf/bbl (60.85 sm 3 m −3 ). Application of the FLAG software (Han & Batzle 2000b) gives an initial oil fluid density and bulk modulus of 0.816 g cm −3 (816 kg m −3 ) and 1.36 GPa, respectively, which changes to 0.822 g cm −3 (822 kg m −3 ) and 1.33 GPa after the pressure drop. The change in the oil properties is not large. Mixing the final oil with the gas component (fluid density and bulk modulus of 0.096 g cm −3 (96 kg m −3 ) and 0.0178 GPa, respectively) according to Wood's equation, determines that the oil and gas mixture has a combined density and bulk modulus of 0.813 g cm −3 (813 kg m −3 ) and 0.830 GPa, respectively. Thus, the outcome is a familiar, exaggerated (beyond its volumetric proportion), nonlinear decrease of the bulk modulus after the bubble point and free gas development, and the consequent brightening of the seismic amplitudes, as observed in Figure 8 . Amplitudes would therefore continue to brighten as free-gas saturation increased in the pore space. Importantly, if the API and R s in the oil are (incorrectly) assumed to be identical for the initial and final states in this calculation, then the final oil and gas mixture now has density and bulk modulus of 0.806 g cm −3 (806 kg m −3 ) and 0.817 GPa, respectively. The difference between these values and those from the previous calculation is not significant, and thus fluid substitution calculations and resultant interpretations in the main text can ignore the oil-phase changes to first order. The addition of connate water saturation in practice will not alter the above conclusion.
AppendIx B: predIctIon oF the 4d SeISMIc AMplItude reSponSe to GAS exSolutIon And dISSolutIon
We consider the time-lapse amplitude response of a thin reservoir below tuning, such that the time thickness 2H/V (where H is the physical reservoir thickness and V is the P-wave velocity of the reservoir rocks) is much less than the seismic period 1/f (where f is the peak frequency of the seismic wave). In this case, the top and base of the reservoir cannot be independently distinguished on the seismic data. In practice, the amplitude is evaluated within a time window defined around a peak and/or trough that represents the composite reservoir package (which includes any fluid contacts). It is therefore assumed that despite the appearance of gas in the reservoir, the relative spacing of the top, base and intra-reservoir events is below tuning thickness. [The assumption of all thicknesses or contact movements being below tuning thickness for our field example has been tested by numerical modelling. In comparison to the seismic period of 40 ms, the time thickness of the reservoir is 15 ms without gas, and 15.5 ms in the presence of gas (with a maximum gas thickness of 10 m, and a saturation of between 10 and 67%). As such, there is no breakdown in the linearity predicted from the following equations. The impact of underlying water saturation in the reservoir would be to reduce the magnitude of the time-lapse change in equation (B8) and to enhance that in equation (B9) by an amount proportional to the water saturation thickness.] Further, only the zero offset response is calculated here in order to simulate a stacked response. It is acknowledged that for reservoirs with significant 3D amplitude v. offset (AVO) behaviour that the calculations should include an offset variation for each reflection coefficient (e.g. see Aki & Richards 1980) , and the event timing should be adjusted to allow for the offset raypaths (e.g. 2H/V becomes 2 / cos H V ϑ , where ϑ is the incidence angle). Figure B1 shows the three situations for which the reservoir amplitude is to be calculated: these correspond to the preproduction baseline seismic and an oil-filled reservoir; a monitor survey after gas exsolution and the formation of a secondary gas cap plus gas at the critical gas saturation in the oil; and, finally, a monitor after repressurization and dissolution with the remaining gas cap and the original oil. There is assumed to be no injected water below the gas for the purposes of this particular calculation.
preproduction
Assuming that the reservoir is completely surrounded by shale with identical properties above and below, the composite reflec-tivity sequence, R res , for the baseline seismic can be written in the frequency domain as:
where R top and R base are the individual frequency-independent reflection coefficients for the top and base of the reservoir, and V is the P-wave velocity for the preproduction reservoir condition. For the assumption of a thin reservoir, the approximation is valid, giving:
The composite reflection response is converted to the seismic attribute used in our interpretation in the main text by, first, convolving the time-domain reflectivity with the seismic wavelet s(t) (in the frequency domain this is multiplication of equation (B2) by S(ω)), convolving with a coloured inversion operator (Lancaster & Whitcombe 2000) and then applying a 'sum of negatives' to the resultant relative impedance trace -a compound operator defined here by L. The resultant time-domain amplitude is now:
where s'(t) is the time derivative of the seismic wavelet. The assumption of identical shale above and below the reservoir gives the condition R top = -R base , and thus equation (B3) leads to the small contrast approximation between the reservoir and the surrounding shales:
where ΔZ=Z sh −Z is the difference between the shale impedance Z sh and the impedance Z, and Z represents the average of the two impedances.
AFter GAS exSolutIon
In this case, there is a gas-oil contact to complicate the reflectivity. The impedance of the reservoir rock within the gas cap is now Z+ΔZ gmax and the P-wave velocity is V+ΔV gmax . For the oil leg, the impedance and velocity are now Z+ΔZ gcr and V+ΔV gcr , respectively (see Fig. B1 ). Applying similar logic and assumptions as in the previous calculation leads to an expression for the new reservoir amplitude A gs : 
where h and h oil are the thicknesses of the gas cap and oil leg, respectively. After some manipulation, equation ( 
In the field and modelling examples shown in this paper, Z ΔV gmax and Z ΔV gcr are always less than 5% of ZV . Thus, it can be further assumed that these two quantities are negligible, which yields: For the specific field example in the main text we find regions predominantly controlled by critical gas saturation (ΔZ gmax =0) or maximum gas saturation (ΔZ gcr =0).
After gas dissolution
During the gas dissolution period, the same equations as in equation (B8) apply except that ΔZ gcr is now zero. Thus, the time-lapse amplitudes ΔA diss for this case are:
Note that, in the main text, attention is given to h and H (hence V = H/T in the denominator) in the above equations as this predicts that the time-lapse amplitudes are controlled by the thickness of the gas accumulation and the reservoir thickness. The remaining parameters are lumped together into a single reservoir-related constant, α, where:
